Background Selective bundle anterior cruciate ligament (ACL) reconstruction and/or remnant ACL preservation may be reasonable options for some patients. However, the frequency of isolated anteromedial (AM) or posterolateral (PL) bundle injuries in patients undergoing ACL reconstruction is unknown, and the value of MRI for prediction of this injury pattern is likewise unknown. Questions/purposes We sought to determine (1) the proportion of knees with an intact AM or PL bundle in patients undergoing ACL reconstruction; (2) whether MRI predicted the bundle conditions seen at the time of surgery; and (3) whether the accuracy of the MRI prediction was affected by the timing of MRI after injury. Methods During primary ACL reconstructions of 156 knees, conditions of AM and PL bundles were separately examined and classified into three categories: (1) completely torn; (2) attenuated; and (3) intact. Then, the bundles were assessed by blinded observers on MRI and classified into the corresponding three categories for 77 patients who had an MRI at our institution using a standard protocol. Diagnostic accuracy of MRI was computed, and the early MRI group (B 6 weeks from injury to MRI acquisition) was compared with the late MRI group ([6 weeks). Results Only 11 (7%) of the 156 knees we treated had an intact AM (one knee) or PL bundle (10 knees). Another 55 knees (35%) had a structurally continuous but attenuated AM or PL bundle. The overall diagnostic accuracy of MRI was 83%; accuracy was better for the AM bundle than the PL bundle (91% versus 78%; p = 0.026). MR prediction was less accurate in the early MRI group, particularly for PL bundle injury. Conclusions An isolated bundle tear is uncommon in patients with ACL tears undergoing reconstruction. MRI can help surgeons predict bundle injury pattern with satisfactory precision, but caution should be used in predicting PL bundle injury using MRI with early acquisition time from injury.
Introduction
Attributable in part to an improved understanding of the anatomy of anterior cruciate ligament (ACL) and
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Theoretically, selective bundle and/or remnant-preserving ACL reconstruction may have advantages such as preservation of mechanoreceptor and vascularity and increased stability by sparing intact bundle. To date, a few studies partly supported these advantages in terms of stability and joint position sense [1, 3, 33] . Nevertheless, these techniques may be technically demanding and limit graft selection and fixation method. Moreover, preservation of useless remnants may adversely affect outcomes and result in impingement or a Cyclops lesion [16] . Given the potential advantages and disadvantages of the technique, precise preoperative prediction of each ACL bundle condition would help surgeons establish proper surgical plans when considering selective bundle reconstruction. In this respect, although patients' subjective instability and physical findings are the most important for decision of ACL reconstruction, MRI may have a valuable role because it is the best noninvasive modality to assess ACL structural integrity [28] . Nevertheless, information on the diagnostic accuracy of MRI to detect individual bundle injuries is lacking. One potential difficulty is assessing PL bundle injury on MRI resulting from the fact that the PL bundle is shorter than the AM bundle making it potentially harder to evaluate [17, 22] . Another potential problem with the diagnostic accuracy of MRI is related to the time elapsed from injury to acquisition of MRI. An acute ACL tear may be accompanied by edema of surrounding tissues, which can obscure the discrimination of individual bundles. Furthermore, a torn ACL can heal, especially if it is partially torn [2] . Therefore, the time interval between injury and acquisition of MRI may be important when assessing the diagnostic accuracy of MRI to detect individual bundle injuries.
The purposes of our study were to determine (1) the proportion of knees with an intact AM or PL bundle in patients undergoing ACL reconstruction; (2) whether MRI predicted the bundle conditions seen at the time of surgery; and (3) whether the accuracy of the MRI prediction was affected by the timing of MRI after injury.
Patients and Methods
This retrospective study was conducted using a prospectively collected database of 156 primary ACL reconstructions of 156 patients ( Fig. 1 ). For this study, we reviewed a total of 217 cases of ACL reconstructions by a single surgeon (CBC) between February 2008 and May 2010. Our general indication for ACL reconstruction involved subjective instability symptoms with high grade instability on physical examinations (C grade 2 in pivot shift test and/or C grade 2 in Lachman test). In addition, if a patient showed pivot shift grade 1 and C grade 1 in Lachman test but had persistent subjective instability recalcitrant to conservative measures, we performed ACL reconstruction when the patient had a near-complete/complete tear of ACL on MRI. Among 217 cases, 31 cases were initially excluded for having revision ACL reconstruction and/or other combined ligament reconstructions. We excluded a further 30 patients who were inappropriate for this study such as a patient with a prior knee surgery or combined mild to moderate valgus/varus instabilities for which combined reconstruction was not needed but may have affected the assessment of the ACL remnant condition. Finally, 156 knees (156 patients) were included in this study for evaluations of arthroscopic findings. There were 127 (81%) males and 29 (19%) females with a mean age of 30 ± 10.4 years (range, 14-64 years). The preoperative physical findings of the 156 patients were grade I in four (3%), grade II in 108 (69%), grade III in 44 (28%) in terms of the Lachman test, and grade I in 16 (10%), grade II in 132 (85%), and grade III in eight (5%) in terms of the pivot shift test.
For purposes of the MRI analysis, we included only those patients whose MRI was performed at our hospital; there were 77 knees meeting this criterion, which was chosen to avoid potential errors resulting from heterogeneity of the MRI protocol. The outside MRIs of the 79 knees were excluded from the imaging analyses in this study. There was no difference in the sex proportion, age, body mass index, and the timing of MRI from injury between the 77 patients with MRIs at our institution and the other 79 patients (p = 0.076-0.402, chi-square test for sex proportion and Student's t-tests for the other variables). All the study protocols were approved by the institutional review board of the authors' hospital.
Arthroscopic Evaluation (156 Knees)
All arthroscopic examinations were performed by one experienced orthopaedic knee surgeon (CBC), who had more than 10 years' experience as a knee specialist. During arthroscopy, the condition of each bundle was assessed by observation through AM and anterolateral portals. When a continuous bundle was found, particular attention was given to the tension of the bundle at various flexion angles between 10°and 90°and during the internal and external rotation of the tibia. We believe that these procedures are particularly crucial in examining the PL bundle, which, even in the normal condition, can be lax in a flexed ([60°) knee. Then, we classified the condition of the each bundle into three categories (Figs. 2-4): (1) completely torn (bundle was not continuous, not visible, or completely detached from its original attachments) ( Fig. 2 ); (2) attenuated (bundle remained in continuity between femoral and tibial insertions on direct arthroscopic visualization but did not have proper resistance to deformation on probing during knee motions and tibial rotations and thus could not be preserved as a functional bundle) ( Fig. 3) ; and (3) intact (bundle was continuous and had proper resistance during the functional range of knee motion and tibial rotation) ( Fig. 4 ).
MRI Protocol and Interpretation (77 Knees)
All the MRIs were taken using a 1.5-T scanner (Intera; Philips, Best, The Netherlands) and reviewed on a picture archiving and communication system (Infinite, Seoul, Korea). The used sequences for evaluation were as follows: sagittal fat-suppressed (FS) T2-weighted (TR/TE 2000-2500/50-65 ms), sagittal proton density (PD)-weighted (TR/TE 2200-3900/ 12-20 ms), coronal T2-and PD-weighted (TR/TE 3000-3500/120 and 13 ms), oblique coronal PD-weighted (TR/TE 3300-6000/12-30 ms), and axial FS PD-weighted (TR/TE 2300-5600/12-20 ms) images with a 16-to 20-cm field of view, 90°flip angle, a 2-to 4-mm thickness, and 512 9 512 matrix.
Image assessments were subsequently performed by one musculoskeletal radiologist (JYC) who was blinded to arthroscopic results. The conditions of the AM and PL bundles were separately assessed and classified into three categories: (1) completely torn; (2) attenuated; and (3) intact. These three categories were determined based on previously reported MRI criteria of ACL injury (Figs. 5-7) [18, [27] [28] [29] . Completely torn was defined as a failure to visualize the ACL. Obvious discontinuity was also considered a sign of a complete injury ( Fig. 5 ) [28, 29] . Increased signal intensity within the ligament substance, distortion of fibers, and significant thinning of the bundles without obvious discontinuity were all defined as attenuated ( Fig. 6 ) [17, [27] [28] [29] . In contrast, an ACL bundle that could be followed continuously with homogeneous low signal intensity from the tibial and to the femoral insertions was defined as intact ( Fig. 7 ) [28, 29] .
To determine the intra-and interobserver reliabilities of measurements, 20 subjects were chosen and measured twice (3 weeks apart) by three observers (one radiologist and two orthopaedic surgeons; JYC, MJC, HHW). The reliabilities of measurements were confirmed using kappa coefficient. The kappa coefficients for the intraobserver reliability were from 0.643 to 1.000 and for the interobserver reliability were from 0.444 to 0.828. The kappa coefficients had wide ranges from moderate to excellent. However, in this study, the various and relatively low kappa coefficients were not caused by low agreements but rather by a high prevalence index (0.8 in kappa coefficient of 0.444), which can increase chance agreement and decrease kappa coefficient [23] . In addition, to determine whether the diagnostic accuracy of MRI can be influenced by the time elapsed from injury to acquisition of MRI, 77 knees were allocated into two groups: the early MRI group (B 6 weeks from injury to MRI acquisition) and the late MRI group ([ 6 weeks from injury to MRI acquisition). There were 45 knees in the early MRI group and 32 knees in the late MRI group.
Statistical Analysis
Statistical analysis was conducted with the SPSS for Windows statistical package (Version 18.0; SPSS, Chicago, IL, USA). The proportion of isolated bundle tears and continuous remnant ACL bundles were calculated and documented. Accuracies and error patterns in MRI assessments of injury severities between AM and PL bundles were calculated and analyzed using a chi-square test or a Fisher's exact test. In addition, accuracies and error patterns in MRI assessments of injury severities of the bundles were separately assessed between the early MRI group and the late MRI group and analyzed using a chisquare test or a Fisher's exact test.
Results
Isolated bundle injury was infrequent in our patients requiring ACL reconstruction. In the arthroscopic assessments of 156 patients, only 11 patients (7%) had an intact AM or PL bundle. Among them, 10 (6.4%) had an intact PL bundle and only one (0.6%) had an intact AM bundle. In addition, there were 55 patients (35%; 58 bundles) who had structurally continuous but attenuated bundles, which would not be suitable for isolated bundle reconstruction (AM bundles: 18 and PL bundles: 40) ( Table 1) .
The diagnostic accuracy of MRI was 83% in predicting bundle injury pattern and was better for the AM bundle than the PL bundle, particularly in the early MRI group. The accuracy of MRI prediction was 91% (70 of 77) for AM bundles and 78% (60 of 77) for PL bundles (p = 0.026; Table 2 ). Overall, injury severity of the AM bundle was more likely to be underrated on MRI, whereas that of the PL bundle was likely to be overrated on MRI (p = 0.001; Table 2 ).
In the comparison between the early MRI group and the late MRI group, injury severity of the PL bundle was overrated in the early MRI group, whereas injury severity of the PL bundle was not overrated in the late MRI group (10 of 11; p = 0.004 and three of six; p = 0.464, respectively; Table 3 ). 
Discussion
Despite recent enthusiasm for selective bundle reconstruction and the remnant ACL preservation technique, there has been only limited information on the prevalence of isolated bundle tears and functional remnant bundles and diagnostic values of preoperative MRI for the condition of each bundle. In this study, we sought to determine the proportion of the examined knees with an intact AM or PL bundle in patients undergoing ACL reconstruction. We also wanted to determine how well MRI predicts the condition of individual bundles and whether the accuracy of MRI in predicting the bundle injury pattern is affected by the timing of MRI after injury.
The present study has several limitations that should be noted. First, only 77 (49%) of 156 knees were included in the analysis to determine the diagnostic accuracy of MRI; we included only patients who had MRIs at our institution, and we did this to keep the MRI protocol identical. Nevertheless, we noted no difference of characteristics between the patients who were included in the analysis and those who were not. We believe that the selection bias regarding the result of MRI assessment would be minimal. Second, we did not provide the result of relationship between physical findings and MRI or arthroscopic findings, which would be an important issue. However, we intended to study only the patients requiring ACL reconstruction mostly with high-grade instability on physical examinations. Consequently, patients who had partial ACL injury but did not undergo ACL reconstruction as a result of lowgrade subjective/objective instability were not included in the study. Therefore, results of the physical examinations of our study cohort are skewed, and the cohort may not be suitable to generally represent the patients with isolated bundle injury. Regarding this issue, further study would be required to draw a conclusion. Third, as mentioned, we included the patient requiring ACL reconstruction in this study based on our surgical indication. Thus, the prevalence of an intact bundle can be changed when using other criteria for ACL reconstruction. Fourth, estimating the integrity of each bundle during arthroscopy can be limited, and intrasubstance injury may not be detected. However, we made every effort to perform accurate arthroscopic assessment; besides the precise observation of the insertion area of the remnant bundle, we believe that evaluation of the tension of the remnant bundle during various angles of knee flexion and rotation would be the best optimal method to assess the condition of the bundle. Finally, our MRI protocol may not be perfect, and other advanced MRI protocol may provide better accuracy for prediction of the bundle condition. However, our routine protocol includes an additional oblique coronal view, which is known to be useful to assess each bundle condition. Thus, we believe Data are presented as number of patients with proportions in parentheses; * statistical analysis was performed using a chi-square test; statistical analysis was performed using Fisher's exact test. Data are presented as number of patients with proportions in parentheses; * statistical analysis was performed using a chi-square test; statistical analyses were performed using Fisher's exact tests.
that our MRI protocol has satisfactory accuracy to assess each bundle in current practice. The proportion of isolated bundle tears in the knees undergoing ACL reconstruction was only 7% in this study, and an isolated PL bundle tear was detected in only one (0.6 %) of 156 knees. Surgical reconstruction might be required in symptomatic patients with partial ACL tears [13, 21, 33] , and some surgeons prefer an ACL augmentation technique when treating the patients with partial ACL tears [4, 5, 33] . However, our study found that most remnant bundles are often loose and nonfunctional, even if the ACL remnant bridges the femur and the tibia [3] . This finding suggests that candidates for selective bundle reconstruction are uncommon in patients with instability warranting ACL reconstruction, although an isolated bundle tear can occur as a result of different anatomy and tension patterns of each bundle. Thus, it is important to make a comprehensive decision as to whether the remnant bundle is preserved using clinical and arthroscopic assessments. As mentioned, there were few isolated PL bundle tears in this study. A previous study with a similar purpose found that AM bundles were graded as tears in all cases, although the PL was elongated or intact in 12% of patients [34] . Along with the previous study, the performing selective bundle reconstruction in either the AM or PL bundle according to MRI findings should be decided with caution based on the following results, especially for selective PL bundle reconstruction: (1) all but one with isolated bundle injuries had AM bundle injury in this study (that is, isolated PL bundle injury is very rare, and so we believe few surgeons will develop sufficient experience with this procedure to be able to recommend it); (2) diagnostic accuracy of MRI was lower for the PL bundle than the AM bundle; and (3) injury severity of the PL bundle tended to be overrated, especially in the early MRI group.
To some extent, our findings support the hypotheses that MRI can accurately predict conditions of ACL bundles, although accuracy of MRI appears to be influenced by which bundle is injured and when the MRI examination was performed. Although some studies have reported that MRI is sensitive and specific for diagnosing complete ACL rupture [7, 20, 26, 28] , other studies reported limited diagnostic value of MRI for distinguishing between partial and complete ACL tears [10, [27] [28] [29] . Furthermore, clear discrimination of the two bundles of ACL can sometimes be difficult [22] . In particular, PL bundle injuries are difficult to diagnose using a standard MRI protocol because the PL bundle has a more oblique course [17] ; our data tended to confirm this. We found that diagnosis of PL bundle injuries indeed is more difficult, especially within 6 weeks of injury. Nevertheless, a previous study suggested that oblique coronal images can improve the ability of MRI to detect PL bundle injuries [25] . In that study, diagnostic accuracy of MRI to detect PL bundle injuries was between 67% and 80% with use of oblique coronal images [25] . However, it was still lower by 10% than that of the AM bundle. Consistent with the previous study, the accuracy of MRI diagnosis was less accurate (78%) for the PL bundle condition, although additional oblique coronal images were used.
We also found that the prediction of the condition of each bundle by MRI would be affected by time elapsed from injury to acquisition of MRI. Particularly, the injury severity of PL bundles tended to be overrated in the early MRI group. In the acute stage of ACL injury, a torn ACL can appear as a cloud-like mass accompanied by swelling of surrounding soft tissues. Furthermore, the morphology of the torn ACL fibers is obscured by the initial hemorrhage [28] , making it more difficult to distinguish AM and PL bundles in an acute tear than in a chronic tear. Another possible explanation for the difference in PL bundle is that healing of a PL bundle with time may contribute to the more accurate rating of PL bundle integrity in the late MRI group. In fact, spontaneous healing of a torn ACL was demonstrated in several studies [2, 8, 11] . Nevertheless, further studies should be warranted to prove our speculation about the healing potential of the PL bundle.
In conclusion, our findings suggest that an isolated bundle tear is uncommon in patients with a symptomatic ACL tear warranting reconstruction. Coupled with the thorough clinical examinations, MRI can help surgeons predict a bundle injury pattern with satisfactory precision but caution should be used in predicting PL bundle injury using MRI, particularly MRI with early acquisition time from injury.
